Resumo
Ferritas Ni-Co são cerâmicas magnetostritivas que possuem potencial de technology to increase the mechanical strength of cobalt ferrite has been proposed [2] , making it suitable for use in torque transducers. Nickel-based ferrites are ferrimagnetic ceramic materials. Their electromagnetic and magnetostrictive properties are suitable for applications in high-frequency devices [3] , magnetic field sensors [4] and magnetoelectric transducers [5] . The substitution of Ni for Co, as in Ni 1-x Co xFe 2 O 4 , is known to increase the saturation magnetization and magnetostriction magnitudes of these ferrites [6, 7] . The suitable magnetostrictive properties of these materials led Sedlar et al. [4] to study the performance of Ni and Ni-Co ferrite in a magnetic field sensor and the best results were obtained for the Ni-Co ferrite. Ni-Co ferrite has also been pointed out as a material for use as anode material in lithium ion batteries [8] .
Ferrite synthesis by means of chemical methods has made possible to obtain high-purity materials, with controlled particle size and morphology. There are many works about the synthesis of nanometric Ni-Co ferrites [9, 10] . These developments in the nanotechnology area are extremely important for these materials application advancement. On the other hand, the study of the traditional ceramic processing route is still important due to the suitability of large scale materials processing. Ferrites usually require sintering temperatures higher than 1200 o C but the possibility of sintering in temperatures lower than 1000 o C favors co-firing in electronic devices fabrication [11] . Until now, numerous processing methods have been proposed to reduce the required sintering temperatures to obtain ferrites with highest mass density. The use of additives such as Bi 2 O 3 , V 2 O 5 and copper substitutions are procedures that result in ferrites with high mass density using low sintering temperatures [12] [13] [14] . The presence of a liquid phase during sintering enhances diffusion and exerts capillary forces, favoring the densification at a lower sintering temperature compared to the temperature required for high densification without the liquid phase. The liquid-phase sintering of Ni-Co ferrites, using 5 wt.% Bi 2 O 3 as the sintering additive, has been studied [2] . The authors obtained samples with mass densities as high as 4.9 g/cm 3 with sintering at 950 o C for 2 h in air. However, there are very few works dealing with the effect of liquid-phase sintering on the magnetostriction of ferrites. This is important since the magnetostriction of ferrites is very sensitive to the microstructural changes that result from variations in both sintering and processing parameters [14, 15] . Also, it is known that secondary phases affect the magnetostrictive properties of ferrites [16, 17] and liquid-phase sintering generally introduces second phases in the microstructure of ceramics.
In this work, Ni-Co ferrite samples were liquid-phase sintered at low temperature and with small Bi 2 O 3 additions (sintered at 950 o C with 0.6 mol% Bi 2 O 3 ). The microstructure and the magnetic properties of the samples were compared to those obtained from samples sintered in the solid state at 1350 o C, which is within the usual temperature range for solid-state ferrite sintering. The microstructures of the sintered samples were evaluated in a scanning electron microscope (SEM) equipped with energy dispersive X-ray spectrometer. The samples were prepared by a sequence of grinding and polishing steps, followed by thermal etching.
EXPERIMENTAL PROCEDURE
The chemical homogeneity of the microstructures of both SSS and LPS samples was also evaluated by micro-Raman spectroscopy with an argon laser (λ = 514.5 nm) of 8 mW.
Magnetostriction measurements were carried out in samples cut from the sintered pellets. The dimensions of the samples were 3.977 mm × 2.509 mm × 2.421 mm (SSS) and 3.083 mm × 2.364 mm × 2.090 mm (LPS). The measurement method was capacitance dilatometry, described in detail elsewhere [18] . Magnetization measurements were performed in the same cut samples by vibrating-sample magnetometry (VSM). Magnetostriction was measured in parallel and perpendicular directions to the applied field.
RESULTS AND DISCUSSION
The results of the AAS quantitative analysis of the calcined powders are shown on The X-ray diffraction patterns of the SSS batch after calcination and calcination followed by heat treatment are shown on Fig. 1 . The peak expected for the (104) plane of hematite (α-Fe 2 O 3 -rhombohedral) was detected in both powders, indicating that the reactions in solid state to form the spinel phase were not complete [19] . The calculated lattice parameters of the spinel phases were 8.343 Å for the calcined powder and 8.331 Å for the powder that was subsequently heat treated.
The densities measured were 4.90 g/cm 3 for the SSS sample and 5.02 g/cm 3 for the LPS sample; LPS thus increased the density of the material, with a sintering temperature 400 o C lower.
Figs. 2 and 3 show SEM images of the microstructures of the SSS and LPS samples; the average grain sizes, estimated from these figures by a linear intercept method [20] were 3 µm for the LPS sample and 5 µm for the SSS sample. The LPS process resulted in a microstructure with pore-free grains, with porosity located at grain boundaries; the crystallized liquid phase appears as films and particles located at grain boundaries. The grain size of the SSS sample is fairly uniform and the intragranular porosity is very small: the porosity of the sample is predominantly intergranular. The EDX spectrum shown in Fig. 4 was taken from a white intergrain particle observed in the LPS sample in Fig. 3 . This result suggests that this phase, rich in bismuth, has a high concentration of the Bi 2 O 3 additive, as well as small amounts of impurities coming from the raw materials. However, due to the small thickness of these intergrain phases, much lower than 5 mm, which is the electron beam average size in SEM, there is the influence of the ferrite background on the measurement that do not allow to obtain a measurement only of the isolated intergrain phase.
The EDX analysis in the centers of the ferrite grains of the LPS sample revealed two composition types: a major Fe-Co-Ni-O one and a cobalt-free one. Figs. 5 and 6 show light microscopy images of the sintered samples. It was observed that the LPS sample's microstructure was constituted of few and sparsely distributed white grains surrounded by a major phase, constituted of grey grains. The presence of such white phase was not observed in the SSS sample. The Raman spectra of the LPS sample were taken from three grains of each type.
Figs. 7 to 9 show Raman spectra of the LPS and SSS samples, taken from the centers of selected grains.
The spectra of Figs. 7 and 8, for SSS and LPS samples, presented essentially the same pattern, which is typical of spinel Ni ferrites [21, 22] . In the case of the spectra of 9, taken from the white phases observed in optical microscope of the LPS sample (Fig. 5) , the peaks numbered 1 to 5 match well with the phase α-Fe 2 O 3 (hematite) [23, 24] . However, the peak number 6 has an average value of 655 cm -1 of the Raman shift, which is close to the range of 663-706 cm -1 range that is known to be the strongest mode of Fe 3 O 4 (magnetite) [25] . In addition, no spinel ferrite peak vestiges were observed in those white grains. These results thus indicate that the white grains are constituted of iron oxide, corroborating the previous chemical analyses, XRD and EDX experiments.
Figs. 10a-b and 11 show the results from the magnetization measurements of the sintered samples. The parameters obtained from such data are shown on Table IV . The saturation magnetization values of both samples were similar and the slightly higher coercivity of the LPS sample may be attributed to: the smaller grains (higher grain boundary area) The M R /M s ratios of both LPS and SSS samples may be considered low when compared to the literature data. Also, in CoFe 2 O 4 LPS samples previously studied [14] , the M R /M s ratios ranged from 0.197 to 0.420, which is larger than the values obtained for the Ni-Co ferrite samples. The ferrites produced in this work thus have low magnetic hysteresis and high saturation magnetization when compared to most Ni-Co ferrites presented in literature. These features make them interesting materials for sensors applications.
Figs. 14-15 show the magnetostriction curves of the sintered samples and Table VI shows some parameters extracted from these curves. Fig. 16 shows the magnetoelastic sensitivity (S) curves, calculated by differentiating the magnetostriction curves, [14] varied from 366 to 541 ppm/T and the minimum corresponding µ 0 H found was 0.19 T. These results suggest that the Ni-rich Ni-Co ferrite here studied may be more sensitive than CoFe 2 O 4 at low magnetic fields. When associated to a piezoelectric material, forming a magnetoelectric composite [5, 30] , the good electromagnetic [3] and magnetostrictive properties of Ni-Co ferrites make them candidates for applications in high-frequency tunable devices, for example.
CONCLUSIONS
The Ni-rich Ni-Co spinel ferrite samples presented magnetoelastic sensitivities very close to that of CoFe 2 O 4 , with significantly lower magnetic hysteresis than that ferrite. The M R /M s ratios were lower than the values reported in literature for Ni x Co 1-x Fe 2 O 4 ferrites. Liquid-phase sintering with Bi 2 O 3 slightly increased the magnetic hysteresis and had little effect on the magnetostriction values; however, the magnetoelastic sensitivity of the liquid-phase sintered sample was lower than that obtained in the solid-state sintered sample. Liquid-phase sintering at 950 o C for 24 h resulted in chemically heterogeneous samples, with the presence of iron oxides. Because of its relatively high magnetoelastic sensitivity and low magnetic hysteresis, the ferrite is a candidate for application in magnetoelastic sensors and magnetoelectric composites.
